We show that the associated production pp → W ′ W , and the rare decay pp → W ′ →lℓW are useful tests of W ′ couplings to fermions at future hadron colliders.
models, however, one has the weaker limit [8] g L M W ′ /g R > 300 GeV. Stronger limits follow from CP violation unless there is fine tuning [9] .
Heavy Z ′ and W ′ can be produced and detected by their leptonic decays at the Large Hadron Collider (LHC) and Superconducting Super Collider (SSC) for masses up to ∼ 5
TeV [1] , [10] - [17] . To identify the origin of such bosons, more detailed diagnostic probes of their couplings will be needed. Recent detailed studies [18] - [24] have demonstrated that the rare decay process [18, 19] Z ′ →f 1 f 2 V (V = W, Z), where f 1,2 are ordinary fermions, the associated production [23] pp → Z ′ V , and the rapidity distribution in pp → Z ′ → ℓ + ℓ − [24] are useful diagnostics of the Z ′ couplings to the ordinary fermions.
Another clean probe for the gauge couplings of Z ′ and W ′ is the forward-backward asymmetry [25] . For pp → Z ′ → ℓ + ℓ − (ℓ = e or µ) and pp → W ′± → ℓ ± ν ℓ the asymmetries can distinguish between different models for M Z ′ (W ′ ) up to a few TeV, and test some combinations of the couplings of Z ′ and W ′ to quarks and leptons. However, the forward-backward asymmetry for W ′± does not distinguish V + A couplings from V − A. Although the most likely extension of the standard model involving a W ′ is the left-right symmetric model [6] with V + A couplings, it is possible to construct viable models with V − A couplings as well [26] . It is therefore important to be able to distinguish V + A from V − A.
Possibilities for distinguishing the handedness of W ′ have been recently pointed out [19, 22, 23] . On the other hand, if the W ′ couples to V − A currents these processes would not be suppressed by the mismatch of the handedness. In this paper we will examine this possibility in more detail. We will show that the number of events in the V − A case can be sufficiently large to allow a clean determination of the handedness of a W ′ with mass of the order of
As an illustration we consider a theory [26] in which W ′ couples to V −A currents. This is an 'un-unified' theory of weak interaction with a gauge structure SU (2) 
Neglecting fermion mixings the charged current interaction is given by
where tan φ = g ℓ /g q and g ℓ(q) is the gauge coupling constant of SU (2) ℓ(q) . To have a meaningful perturbation calculation in what follows we consider that φ is not close to 0 or π/2.
The neutral current interaction of Z has the standard form, whereas that of Z ′ is
The coupling constant for the trilinear
Gauge invariance relates the couplings in (2) and the trilinear gauge interactions, resulting in a destructive interference for the physical processes discussed below.
The heavy charged gauge boson W ′ , assuming its existence, can be produced at future hadron colliders (SSC and LHC) and can be detected via the resultant leptonic decays
For given W ′ couplings the total cross section σ(pp → W ′ ) can be computed quite accurately. The cross sections are given in [25, 15, 16, 17] . For definiteness, we assume that the neutrinos to which the W ′ couples are massless or light. This is the case for the un-unified model [26] , for which ν ℓ is the ordinary neutrino, and in some versions of the left-right symmetric model. The same ideas would apply to models involving heavy (e.g.
Majorona) neutrinos.
We first address the associated production. In the un-unified model there are two treelevel graphs (Fig. 1) . Contributions from these two graphs are equally important. In fact, gauge invariance requires that they interfere destructively to enforce unitarity. The squared amplitude for the quark process→ W ′ W averaged (summed) over initial (final) polarizations is
where Table 1 . In obtaining these results we have assumed for simplicity that the W ′ only decays to ordinary fermions, with the leading term of its total rate given by
These numbers are presented only for illustration. They should be contrasted with number zero, which would be the result if the W ′ coupled to V +A currents. On average the numbers for the W ′ W associated production are about two orders of magnitude larger than those from the Z ′ W associated production [19] . One major reason is that in this model W ′ has a larger coupling. Thus, the signal is still significant even for M W ′ = 3 TeV.
The production of W ′ W , with W ′ subsequently decaying into leptons and W into hadrons are clean events without major background. The standard-model background from pp → W W with one W decaying into leptons can be cleanly eliminated at a loss of only a few percent of the signal by requiring the transverse invariant mass of the lepton system to be larger than 90 GeV.
We now turn to the rare decay process W ′ →lℓW . There are two tree-level graphs displayed in Fig. 2 , and their contributions are equally important. Averaging (summing) over the initial (final) polarizations of the squared amplitude we find
where
with
P W ′ , P W , Pl and P ℓ referring to the momenta of the corresponding particles, and
Due to the destructive interference of the two graphs in Fig. 2 , there are no terms in (7) proportional to 1/M 2 W . This preserves unitarity. A simple analytic expression for Γ(W ′ →lℓW ) can be obtained in the large
The result is
The double log term in (8) Although the rare decay W ′ →lℓW is suppressed by a factor of α/2π compared to W ′ → ℓν ℓ , the double log factor provides an enhancement. The observation of this logarithmic enhancement has led to a series of diagnostic studies [19, 20, 21] on the properties of Z ′ . The origin of these log factors is related to the infrared and collinear singularities of S-matrix elements, and is well known in QED and QCD.
To compare W ′ →lℓW with the basic process W ′ →lν ℓ we define a ratio
We plot the distribution of R lept with respect to the invariant mass of the charged lepton pair for M W ′ = 1 TeV in Fig. 3 . In accordance with the aforementioned logarithmic enhancement, the distribution is clearly dominated by configurations in which the dilepton invariant mass is large, implying that the W is soft and/or collinear. [19, 20, 21] .
The signal of the production of W ′ followed by the rare decay W ′ →lℓW is very clean.
The major background comes from the process pp → W ′ → W Z, with Z decaying into a charged lepton pair. Although in the present model the coupling for the interaction
W ′ , this background can be significant because of the enhancement of W ′ decaying into longitudinally polarized W and Z. However, the background events can cleanly be eliminated by requiring the invariant mass of the charged lepton system to be bigger than 100 GeV. This cut has been built into the numerical calculation.
The loss of the signal associated with this cut is insignificant (a few percent), as expected from the kinematic distribution of R lep (Fig. 3) . Another source of background comes from the standard model process pp → W Z → W ℓ + ℓ − . However, requiring the W Z invariant mass to be equal to M W ′ ± 10 GeV already puts the total cross section σ(pp → W Z) below
The background from the W Z production is thus eliminated by employing the dilepton invariant mass cut.
In this paper we have shown that the processes pp → W ′ W and W ′ →lℓW can be useful tests of whether a W ′ has a V − A or V + A coupling at future hadron colliders. To illustrate the idea we have considered a specific example in which the W ′ couples to V − A currents.
TeV, it is shown that the LHC and SSC can produce sufficient numbers of events from these processes for such a left-handed W ′ . On the other hand, the absence of such events would be a clean signal that the W ′ is right-handed. In addition, the rates for the above processes allow for a determination of the relative strength of the V − A gauge coupling of W ′ to quarks and lepton. 
